Improved parameters for the description of Rayleigh scattering in air and for the detailed rotational Raman scattering component for scattering by O 2 and N 2 are presented for the wavelength range 200 -1000 nm. These parameters enable more accurate calculations to be made of bulk molecular scattering and of the Ring effect for a variety of atmospheric radiative transfer and constituent retrieval applications. A solar reference spectrum with accurate absolute vacuum wavelength calibration, suitable for convolution with the rotational Raman spectrum for Ring effect calculations, has been produced at 0.01-nm resolution from several sources. It is convolved with the rotational Raman spectra of O 2 and N 2 to produce an atmospheric Ring effect source spectrum.
Introduction
The phenomenon that has come to be known as the Ring effect was first noted by Grainger and Ring 1 as a filling in ͑broadening and reduction of depth͒ of solar Fraunhofer lines when viewed from the ground in scattered sunlight. Various processes have been proposed as contributing to the effect, including scattering with fluorescence from aerosols and from the ground. 2, 3 However, the predominance of molecular scattering as the major cause was established by Kattawar et al., 4 who analyzed the Ring effect contributions from rotational Raman scattering and inelastic Rayleigh-Brillouin scattering. The RayleighBrillouin component is not of primary importance in satellite-based UV-visible backscatter measurements for which the present study is undertaken, and it is not analyzed here. The atmospheric scattering situation is nicely defined by Young 5 : "To summarize: molecular scattering consists of Rayleigh scattering and vibrational Raman scattering. The Rayleigh scattering consists of rotational Raman lines and the central Cabannes line. The Cabannes line is composed of the Brillouin doublet and the central Gross or Landau-Placzek line. None of the above is completely coherent. The term 'Rayleigh line' should never be used." Note that the vibrational Raman contribution results in lines so widely separated from the frequency of the incoming light that they are not normally considered part of the Ring effect, although in recent applications the Ring effect has developed a somewhat broader definition that includes substantial interfering structure in observations, rather than the initial effect that was limited to the broadening of partially resolved lines.
Understanding the Ring effect has become more important in recent years with the increase in ultraviolet and visible spectroscopic observations of the Earth's atmosphere from the ground 6, 7 and from satellites. 8 -12 To retrieve abundances of trace species from such observations, it is necessary to take the Ring effect into account. Methods have been developed to do so by pragmatic means: by measuring the polarization of scattered sunlight 6 and by modeling the effect directly from molecular scattering processes. 7, 10 It has been proposed to use the Ring effect with selected Fraunhofer lines ͑in particular, the Ca II H and K lines͒ to determine cloud parameters in conjunction with satellite-based observations of O 3 . 11 Joiner et al. 10 also determined that the contribution to the Ring effect from the RayleighBrillouin scattering process is negligible for most geometries used in satellite observations. The use of visible bands of O 2 , in particular the 762-nm A band, for determination of cloud parameters is being developed for proposed and existing satellite instruments that monitor the atmosphere with emphasis on tropospheric measurements. 13 This includes the European Space Agency's global ozone monitoring experiment ͑GOME͒ and the upcoming scanning imaging absorption spectrometer for atmospheric chartography ͑SCIAMACHY͒. The Ring effect has a substantial influence on such observations; work is under way in our institution to refine and model the effects. In this case, the effect is due to inelastic scattering in molecular absorption lines themselves rather than in the solar Fraunhofer lines. Similar effects have been noted for the detailed retrieval of trace species including O 3 and NO 2 . 6, 7, 12 This study is part of an ongoing effort to quantify the Ring effect for atmospheric radiative transfer modeling, with application to satellite-and groundbased measurements, and to apply it to particular cases such as detailed absorption in the visible O 2 bands, the retrieval of tropospheric O 3 from UV measurements, and retrieval of trace photochemically active gases. Much of the previous modeling work 7, 10, 14 has relied on the development of molecular parameters for N 2 and O 2 by Penney et al. 15 ; only one study 10 has used the updated dynamic polarizability anisotropies as developed by Bates. 16 Previous research has largely ignored the complication of the rotational Raman spectrum of O 2 caused by the electronic spin angular momentum in the 3 • g Ϫ ground state and the issue of pressure broadening of the rotational Raman lines. In this publication, we update the molecular parameters and the scattering with respect to the solar Fraunhofer spectrum using the best currently available laboratory and field data and theoretical studies of which we are aware. This provides an updated expression for Rayleigh scattering by air, expressions for the wavelength-dependent polarizability anisotropies of O 2 and N 2 , accurate Placzek-Teller coefficients ͑the state-dependent factors in the line intensities͒ for O 2 rotational Raman lines ͑the Placzek-Teller coefficients of Penney et al. 15 for N 2 are correct as given͒, a tentative set of pressure-broadening coefficients for the O 2 and N 2 rotational Raman lines, a solar reference spectrum for convolution with calculated Ring cross sections, and a convolved Fraunhofer-rotational Raman source spectrum for fitting of atmospheric spectra. The tables and spectra are not included here because of size limitations, but they are available from the authors.
Rayleigh Scattering
To examine the detailed Rayleigh and rotational Raman scattering properties, including their relative intensities and the scattering phase functions, we begin with Table I of Kattawar et al., 4 which describes the relative intensities and angular behaviors for the Rayleigh-Brillouin and rotational components and their sum. They are given for various input polarizations, including unpolarized light ͑the predominant contribution for many atmospheric observations for which single scattering is the major contributor to the Ring effect͒. For unpolarized light, the depolarization ratios ͑defined in each case as the ratio of the horizontally polarized component to the vertically polarized component at a 90°scat-tering angle͒ can be determined directly. Table I of Kattawar et al. 4 is reproduced here as Table 1 , with the addition of depolarization ratios for three cases: Rayleigh-Brillouin ͑the central Cabannes component C͒; rotational Raman ͑the wings W͒; and the sum of the two ͑T for total͒. The phase functions for scattering can also be derived for each case. They are ͑normalized over solid angle to 1͒
where
, ␥ is the anisotropy of the polarizability, and ␣ is the average polarizability. In each 
Mostly from Kattawar et al., 1981. case, the phase function is given in terms of the respective depolarization ratio 0
The Rayleigh scattering cross section at standard temperature ͑273.15 K͒ and pressure ͑1 atm͒ is given by
where n is the index of refraction, F K is the King correction factor, 17 N 0 is Loschmidt's number ͑2.686763 ϫ 10 19 cm Ϫ3 ͒, and is the wavelength. The King correction factor is given by
The average polarizability can be determined from the relation
Molecular Parameters

A. Rayleigh Scattering Cross Sections
The major source of improved data for the indices of refraction of O 2 , N 2 , and air versus wavelength, the King correction factors, and the anisotropies of the polarizabilities is Bates. 16 He presented a comprehensive review of both measurements and theoretical calculations and derived a data set that was demonstrated to be better than 1% for all the data and parameterizations utilized in the this study.
Bates's Table 1 gives refractive indices, Rayleighscattering cross sections, and King correction factors versus wavelength for air from 200 to 1000 nm. We found that the following Edlén-type expression fits the index of refraction data to better than 0.1% for all values:
where ͑m Ϫ1 ͒ ϭ 1͞ ͑m͒. The Rayleigh cross sections are reproduced to 0.3% rms ͑worst case, 0.5%͒ over the full 0.2-1-m range by the expression
Nicolet 18 gave an expression for fitting the data of Bates to 0.5% over the 0.2-0.55-m range; the current expression is slightly more accurate and extends over a larger wavelength range ͑also see Bucholtz 19 ͒. The 
These equations should be considered merely as phenomenological fits over a particular wavelength range, rather than trying to attach physical importance to, for example, the negative value of the constant term in the N 2 equation. They should not be extrapolated to outside the 0.2-1.0-m range.
C. Basic Spectroscopy
The ground state of O 2 is 3 • g Ϫ ; it has significant electronic structure in both its magnetic dipole rotational spectrum and its rotational Raman spectrum. Rotational Raman spectra of both O 2 and N 2 have previously been approximated by simple expansions in the lowest rotational parameters ͑for positions͒ and by using T͞c 2 B 0 for the rotational partition functions. Precise data are now available for the term energies, allowing line positions and Boltzmann factors to be calculated accurately and rapidly. The use of term values from the current HITRAN listing 20 allows for calculations of line positions to 0.0001-cm Ϫ1 accuracy and for highly accurate calculation of statistical partitioning.
D. Placzek-Teller Coefficients
Cross sections for rotational Raman scattering are given by
where f N is the fractional population in the initial state. The quantum state-dependent factors in the cross sections c PT ͑N, J, NЈ, JЈ͒ are commonly known as Placzek-Teller coefficients from the initial derivations. 21 These factors are given for a molecule in a • electronic state with one electronic spin angular mo-mentum in the Hund's case b coupling scheme ͑elec-tron spin coupled to rotational angular momentum͒ by
where J is the total angular momentum, S is the electronic spin angular momentum ͑1 for O 2 and 0 for N 2 ͒, and L is the component of the 2nd rank polarizability tensor responsible for the interaction. L ϭ 0 for the isotropic part of the polarizability ͑the Cabannes component͒, and L ϭ 2 for the anisotropic part of the polarizability ͑Raman scattering͒. The standard definitions for 3-j and 6-j coefficients are used. Two near equivalents to this equation give the formula for line strengths. These include the initial state degeneracy. 22, 23 For S ϭ 0 ͑i.e., N 2 ͒, Eq. ͑11͒ reduces to the result of Eq. ͑7͒ in Ref. 15 :
This derivation gives correct Placzek-Teller coefficients for N 2 but approximates those for O 2 by treating it as a pure Hund's case b molecule. At low N and J, the departures from the pure coupling case that are due to the electron spin-rotation interaction are enough to affect the spectrum significantly. 22, 24 In the classic study of the O 2 ground state, Tinkham and Strandberg 25 include the correct eigenvectors of the secular determinant for levels to as high as J ϭ 26 in the case b basis set ͑their Table V and Eq. 54͒. Above this level, the molecule is described by case b behavior to a high degree of accuracy. For J ϭ 0 and all odd J levels, the case b description is exact. For even J levels, J 0, the transformation from case b basis functions N,J to eigenfunctions ⌿ N,J is given by
The 27 The database calculated with the corrected eigenvectors is prepared with an intensity cutoff to include all rotational Raman lines with intensities at 296 K within 0.1% of the strongest line. Because of the mixing of states, this now includes two ⌬N ϭ 4 transitions. Figure 1 gives rotational Raman cross sections for N 2 and O 2 calculated for a temperature of 250 K and an excitation wavelength of 440 nm, appropriate to investigations of the effect of the Ring effect on retrievals of atmospheric NO 2 concentrations.
E. Pressure-Broadening Coefficients
The capital letter ⌫ is used here to denote the halfwidth at half-maximum pressure-broadening coefficient to distinguish it from the ␥ used for anisotropy of polarizability. The best existing measurements of pressure broadening for the rotational Raman lines are from Jammu et al. 28 who noted some evidence that the unresolved Q branches of vibrational Raman bands seem to broaden less than lines caused by ordinary dipole transitions but that the rotational Raman lines broaden comparably to dipole transitions. They present self-broadening measurements for N 2 , O 2 , CO 2 , and CO, as well as He and Ar broadening of N 2 , O 2 . All the measurements were made at room temperature. Given the experimental conditions ͑high pressures, modest spectral resolution͒ and the lack of air-broadening measurements, temperature dependences, and a tabulation of the J-dependent N 2 broadening coefficients, it was decided not to use these measurements as the basis for broadening in the present data set. For O 2 , the HITRAN 92 values corresponding to rotational transitions of the same ⌬N are initially adopted. 20 When multiple corresponding transitions exist, the pressure-broadening coefficients are averaged. For the two ⌬N ϭ 4 transitions, the averages of the values for lines connecting the upper and lower states are taken. The resulting pressurebroadening coefficients are multiplied by 1.185, which is the average result for the ratio of measured air pressure-broadening coefficients for O 2 magnetic dipole rotational transitions to those given in HITRAN ͑see Ref. 29 for an explanation of this correction͒. For N 2 , pressure-broadening values for the corresponding quadrupole lines of the vibrational fundamental are adopted. Values determined for the pressure-broadening coefficients of both O 2 and N 2 are at 296 K. The temperature dependence should be calculated using the recommended HITRAN 92 coefficient of n ϭ 0.5 for N 2 lines 20 and a value of n ϭ 0.72 for O 2 lines, 29 through the relation
Solar Reference and Ring Source Spectra
A solar reference spectrum for the range 230 -800 nm, at 0.01 nm resolution, has been determined by combining ground-based measurements 30 and balloon measurements. 31 Both spectra were converted to vacuum wavelengths. The balloon data were recalibrated in wavelength using 20 selected atomic reference lines. The spectra were resampled at even 0.01-nm increments, employing a triangular filter of 0.01-nm half-width at half-maximum, and linearly merged over the 300 -305-nm wavelength range. The result is a reference spectrum in vacuum wavelengths accurate to better than 0.001 nm above 305 nm and 0.002 nm below 300 nm. This spectrum was created specifically for GOME applications, in particular wavelength calibration studies and calculation of Ring effect contributions to GOME measurements. A sample of this Fraunhofer reference spectrum is given in Fig. 2͑a͒ ; in Fig. 2͑b͒ , it has been convolved with a Gaussian slit function having a half-width at 1͞e intensity of 0.212 nm, appropriate to the GOME instrument in this wavelength range. The solar spectrum, with GOME slit function, has been convolved with the rotational Raman cross sections described here to create a Ring effect source spectrum for fitting of GOME data. The same wavelength portion of this Ring effect source spectrum is shown in Fig. 2 . ͑a͒ Sample of the Fraunhofer reference spectrum determined in this study. ͑b͒ The same Fraunhofer spectrum, convolved with a Gaussian slit function having a half-width at 1͞e intensity of 0.212 nm, appropriate to the GOME instrument in this wavelength range. ͑c͒ The Fraunhofer spectrum of ͑b͒, convolved with the rotational Raman cross sections to create a Ring effect source spectrum. The units are those of cross section ϫ photons, corresponding to the Ring effect scattering source per air molecule at 250 K. ͑d͒ The ratio of the Ring effect source spectrum given in ͑c͒ to the Fraunhofer spectrum of ͑b͒, with a cubic polynomial subtracted off. This spectrum closely corresponds to the Ring effect spectrum used in previous studies for atmospheric spectrum correction, as discussed in the text. Fig. 2͑c͒ . The units are those of cross sections times photons, corresponding to the Ring effect scattering source per air molecule at 250 K. In Fig. 2͑d͒ , the ratio of the Ring effect source spectrum to the Fraunhofer spectrum has been taken and a cubic polynomial, fitted to the region presented in the figure, has been subtracted off, for comparison with differential Ring effect spectra determined in previous studies. Atmospheric Ring spectra have been determined by several groups from polarized spectroscopic measurements of the zenith sky at high solar zenith angles. Measurements at polarizations parallel and perpendicular to the single-scattering plane are combined in similar formulations to obtain effective Ring effect cross sections. 6, 7, 12 For a single-scattering Rayleigh atmosphere, this procedure could yield the rotational Raman cross sections directly. In practice, because of Mie and multiple Rayleigh scattering, what is determined is the ratio of the rotational Raman spectrum to the solar Fraunhofer spectrum. This can be confirmed by comparing Fig. 2͑d͒ with the results of the above studies. Atmospheric radiative transfer calculations of Ring spectra 7,12 also determine this quantity. It is distinct from the filling in calculated by Joiner et al., 10 who include both the rotational Raman source term and the Cabannes loss term in their calculations. The use of the ratio of rotational Raman to Fraunhofer has proved useful in fitting atmospheric spectra for minor constituent abundances; it is a good approximation to the quantity needed for Ring effect correction in some fitting techniques and measurement geometries. However, its use has limitations because of the distortion of the rotational Raman spectrum and its constant ratio to the Fraunhofer spectrum. The rotational Raman spectrum and Fraunhofer spectrum determined in this study should be more generally applicable to fitting of atmospheric spectra obtained from various measurement geometries, including satellite-based measurements.
Conclusions
The complete Rayleigh with rotational Ramanscattering database as described in the previous sections is available from the authors. It includes N 2 and O 2 term values and statistical partitioning ͑ta-bles including the quantum numbers and term energies for O 2 and N 2 up to states allowing for partitioning to better than 0.01% accuracy and Boltzmann factors with nuclear spin degeneracies g N ͒; tables giving the King correction factors, values of ͌ ⑀, where ⑀ ϭ ͑␥͞␣ ͒ 2 , index of refraction ␣ , and ␥ for O 2 and N 2 ; Placzek-Teller coefficients, with examples of cross sections; pressure-broadening coefficients; the solar reference spectrum derived above; and the convolved solar and rotational Raman spectrum ͑Ring effect source function cross section calculations͒. This database is a summary of the best available relevant data that were found in the literature and the calculations performed in this study. One item not included here is the additional broadening that is due to Rayleigh-Brillouin scattering. 4 For the rotational Raman lines, this will provide an extra source of broadening, although the extent of the broadening is within the uncertainties in the pressure broadening for scattering in the troposphere. The effect of Rayleigh-Brillouin scattering for the filling in of the central Cabannes line for narrow Fraunhofer lines might be significant for some satellite measurement conditions and will be a topic for future investigations.
